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Abstract
Previous work has shown that mice
missing the a-isoform of calcium–
calmodulin-dependent protein kinase II
(a-CaMKII) have a deficiency in CA1
hippocampal long-term potentiation (LTP).
Follow-up studies on subsequent
generations of these mutant mice in a novel
inbred background by our laboratories have
shown that whereas a deficiency in CA1 LTP
is still present in a-CaMKII mutant mice, it
is different both quantitatively and
qualitatively from the deficiency first
described. Mice of a mixed 129SvOla/
SvJ;BALB/c;C57Bl/6 background derived
from brother/sister mating of the a-CaMKII
mutant line through multiple generations
(>10) were produced by use of in vitro
fertilization. Although LTP at 60 min
post-tetanus was clearly deficient in these
(−/−) a-CaMKII mice (42.6%, n = 33)
compared with (+/+) a-CaMKII control
animals (81.7%, n = 17), a-CaMKII mutant
mice did show a significant level of LTP. The
amount of LTP observed in a-CaMKII
mutants was normally distributed, blocked
by APV (2.7%, n = 8), and did not correlate
with age. Although this supports a role for
a-CaMKII in CA1 LTP, it also suggests that a
form of a-CaMKII-independent LTP is
present in mice that could be dependent on
another kinase, such as the b-isoform of
CaMKII. A significant difference in
input/output curves was also observed
between (−/−) a-CaMKII and (+/+) a-CaMKII
animals, suggesting that differences in
synaptic transmission may be contributing
to the LTP deficit in mutant mice. However,
tetani of increasing frequency (50, 100, and
200 Hz) did not reveal a higher threshold
for potentiation in (−/−) a-CaMKII mice
compared with (+/+) a-CaMKII controls.
Introduction
Calcium–calmodulin-dependent protein kinase
II (CaMKII) is a serine/threonine protein kinase
that is highly expressed in the brain and is thought
to be involved in such diverse mechanisms as neu-
rotransmitter synthesis and release, microtubule as-
sembly and disassembly, ion channel modulation
and synaptic plasticity (Braun and Schulman 1995).
The unique ability of CaMKII to autophosphorylate
at Thr-286, producing a long-lasting calcium-inde-
pendent form of the enzyme (Fong et al. 1989;
Hanson et al. 1989; Waldmann et al. 1990; Wax-
ham et al. 1990; Meyer et al. 1992), has led to
proposals that CaMKII might serve as a memory
molecule of activity at synapses and may underlie
long-term changes in synaptic activity (Miller and
Kennedy 1986; Lisman and Goldring 1988; Giese et
al. 1998). Several lines of evidence indicate a role
for CaMKII in long-term potentiation (LTP) (Lisman
1994), a well-characterized mechanism for increas-3Corresponding author.
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ing synaptic efficacy that has been observed at a
number of excitatory synapses in the mammalian
central nervous system, and most carefully studied
at the CA3-CA1 hippocampal synapse (Bliss and
Collingridge 1993; Roberson et al. 1996). CaMKII is
highly expressed in the hippocampus, comprising
2% of total hippocampal protein (Erondu and
Kennedy 1985), and is localized in both the pre-
and post-sides of the synapse (Ouimet et al. 1984;
Fukunaga et al. 1988). It is thought to be the major
protein component of the postsynaptic density
(PSD) (Kennedy et al. 1983; Goldenring et al. 1984;
Kelly et al. 1984; Miller and Kennedy 1985), in
which it is strategically located for the modification
of proteins that might be involved in the expres-
sion and maintenance of LTP. Such proteins in-
clude glutamate receptors in the postsynaptic cell
membrane and microtubule-associated protein 2
(MAP2), both of which are CaMKII substrates (Val-
lano et al. 1986; McGlade-McCulloh et al. 1993;
Omkumar et al. 1996; Barria et al. 1997; Hayashi et
al. 1997). CaMKII activation is dependent on the
initial binding of calcium-clmodulin (Hanson and
Schulman 1992), and it is known that calcium in-
flux via the NMDA receptor is necessary for LTP
induction (Bliss and Collingridge 1993). Corre-
spondingly, it is known that LTP induction leads to
an increase in CaMKII activity, an increase in auto-
phosphorylated CaMKII, and an increase in the
phosphorylation of the CaMKII substrates, MAP-2,
synapsin I, and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate re-
ceptors (Fukunaga et al. 1993, 1995; Barria et al.
1997; Ouyang et al. 1997). CaMKII inhibitors,
calmodulin inhibitors, and general kinase inhibi-
tors have been shown to block LTP induction
(Malenka et al. 1989; Malinow et al. 1989; Ito et al.
1991; Otmakhov et al. 1997), whereas constitu-
tively active CaMKII has been shown to mimic and
occlude LTP when introduced via a viral expres-
sion system (Pettit et al. 1994), as well as by direct
injection into the postsynaptic cell (Lledo et al.
1995; A.M. Shirke and R. Malinow, unpubl), and to
shift the LTP/LTD (long-term depression) modifi-
cation threshold in transgenic animals (Mayford et
al. 1995). In addition, mice mutant in the a-isoform
of CaMKII are found to be deficient in hippocam-
pal LTP, short-term potentiation (STP), and LTD
(Silva et al. 1992a; Stevens et al. 1994), deficient
in primary visual cortex (Gordon et al. 1996; A.
Kirkwood, A. Silva, and M.F. Bear, unpubl.) and
barrel cortex plasticity (Glazewski et al. 1996), to
perform poorly in an assortment of learning (Silva
et al. 1992b) and behavioral paradigms (Chen
et al. 1994), and to exhibit hyperexcitability in
multiple limbic structures (Butler et al. 1995). Re-
cent recombinant mouse studies have further re-
vealed that mutating the a-CaMKII autophosphory-
lation Thr-286 site alone (Thr-286-Ala) results in
deficits in both CA1 LTP and learning (Giese et al.
1998).
We re-examined LTP in the CA1 region of the
hippocampus of (−/−) a-CaMKII mice using field
recordings. Preliminary studies indicated that LTP
was diminished, but present, in hippocampal slices
from young (−/−) a-CaMKII animals (12–28 days),
ages that had not been examined in previous stud-
ies (Silva et al. 1992a; Stevens et al. 1994). Conse-
quently, we extended our recordings to older adult
animals (up to 108 days) to determine whether a
developmentally dependent variable was affecting
the probability of eliciting LTP in these animals.
Basic characteristics of synaptic transmission were
also examined to address whether differences in
excitability may be contributing to the LTP deficits
in these CaMKII mutant mice.
Materials and Methods
MICE
The mice used in the following electrophysi-
ology experiments were of a mixed 129SvOla/
SvJ;BALB/c;C57Bl/6 genetic background, inbred
by brother/sister mating for over ten generations
before the present experiments began. Because
natural matings among heterozygous and homozy-
gous a-CaMKII mutant animals were often found to
be unproductive, animals were produced by use of
in vitro fertilization. Hippocampal slices from mu-
tant and wild-type animals were interleaved during
experiments, by use of wild-type littermates and/
or wild-type animals matched for background and
age as controls. No significant differences were
seen between those animals tested blindly and
those tested with knowledge of phenotype, so data
from these experiments were pooled. The geno-
types of animals used were determined before, and
confirmed after, the experiments by use of a PCR
assay.
SLICE PREPARATION AND RECORDING
Transverse hippocampal slices (400 µm) were
prepared from 12- to 108-day-old mice by the tissue
chopper method (Malinow and Tsien 1990). CA3
a-CaMKII AND LTP
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and CA1 regions were surgically separated to pre-
vent epileptiform activity. The slices were sub-
merged and superfused with a bath solution con-
taining 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2,
26.2 mM NaHCO3, 1.3 mM MgCl2, 1 mM NaH2PO4,
and 11 mM glucose, equilibrated with 95% O2 and
5% CO2. Picrotoxin (100 µM) was added to the bath
to block GABAA inhibitory postsynaptic currents.
The temperature of the recording chamber was
maintained at 30°C ± 0.5°C. Slices were allowed to
recover at least 1 hr before recording was initiated.
By use of visual guidance, a glass-stimulating
electrode filled with 2 M NaCl was placed in Schaf-
fer collateral afferents to elicit field excitatory post-
synaptic potentials (f-EPSPs) using a brief (<200
µsec) current pulse. An extracellular glass-record-
ing electrode, filled with the above bath solution,
was placed in the CA1 stratum radiatum ~ 150–200
µm from the stimulating electrode. Visual guidance
allowed specific and consistent placement of elec-
trodes and rapid superficial assessment of the
health of the slice. Stimulus intensity was adjusted
to evoke base-line pretetanic responses of similar
sizes for all of the slices (0.2–0.3 mV). Base-line
stimulation frequency was 0.033 Hz and LTP was
typically induced by use of a 100-Hz tetanus (five
trains, 20 pulses per train, 10 sec between trains),
unless otherwise stated. To block NMDA receptors
in some experiments, 100 µM DL-aminophospho-
novaleric acid (DL-APV) was added to the bath so-
lution, as appropriate.
Individual f-EPSP peak amplitudes were deter-
mined by averaging the response size over a fixed
1- to 5-msec window encompassing the period of
negative slope just preceding the peak amplitude
of the signal, and subtracting a base-line estimate.
For each experiment, the same windows were
used on recorded sweeps in all experimental con-
ditions. At the beginning of each experiment, the
stimulating intensity (input) was varied and the am-
plitude of the f-EPSP response was measured (out-
put). The intensity of input stimulation began at a
level at which no responses were observed and
increased until responses were maximal. These
paired stimulation/response values were used to
plot input/output curves of representative experi-
ments (Fig. 5, below).
For LTP experiments using the above tetanus
paradigm, the magnitude of LTP was measured by
comparing the average of responses over a 5-min
interval 60 min after the tetanus with the average
of responses over a 5-min interval preceding the
tetanus. Consequently, the magnitude of LTP was
expressed as a relative change (percent) in the re-
sponse amplitude.
Results
We began by examining LTP in the CA1 region
of hippocampal slices from young (−/−) a-CaMKII
mice (12–28 days) from our mixed background in-
bred line. Synaptic transmission was monitored for
stable base-line periods of up to 30 min before LTP
was induced by use of a tetanus protocol (100 Hz,
five trains, 20 pulses per train, 10 sec between
trains). Surprisingly, LTP was observed in mutant
slices, although it appeared to be smaller in mag-
nitude than that observed in wild-type control ex-
periments (Fig. 1A,B). This was in contrast to pre-
viously published analysis of the original (−/−) a-
CaMKII line, in which 14 of 16 mutant slices
showed no LTP (−1% ± 3 at 30 min post-tetanus),
whereas the remaining 2 mutant slices showed sig-
nificant LTP of a magnitude comparable with that
observed in (+/+) a-CaMKII animals (68% ± 32 at
30 min post-tetanus), under given experimental
conditions (Silva et al. 1992a). Subsequent studies
also concluded that a-CaMKII mutants show sig-
nificantly diminished LTP (Stevens et al. 1994), sug-
gesting that it may be completely absent in these
mice.
As the original analysis of (−/−) a-CaMKII mu-
tant mice had been performed on animals primarily
1.5–3 months of age (Silva et al. 1992a), we con-
sidered that a developmentally dependent variable
could be affecting the probability of eliciting
LTP in young (−/−) a-CaMKII animals. To address
this, we examined LTP in older animals (28–108
days) and found that it was also diminished, but
present, in older (−/−) a-CaMKII mice compared
with (+/+) a-CaMKII control animals (Fig. 1A,C),
and there was no correlation between age and
the amount of potentiation post-tetanus in either
(−/−) a-CaMKII or (+/+) a-CaMKII mice (Fig. 2).
Cumulative data across all age groups showed that
whereas LTP at 60 min post-tetanus was clearly
deficient in (−/−) a-CaMKII mice (42.6% ± 5.5,
n = 33) compared with (+/+) a-CaMKII control
animals (81.7% ± 14.1, n = 17), a-CaMKII mutant
mice did show a significant level of LTP (Fig. 3).
This a-CaMKII independent LTP was blocked
when DL-APV (100 µM) was included in the bath
(2.7% ± 10, n = 8) (Fig. 3), indicating that the po-
tentiation is NMDA receptor dependent. The
amount of potentiation observed in both (−/−) a-
CaMKII and (+/+) a-CaMKII slices followed a nor-
Hinds et al.
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mal distribution around a mean value (Fig. 4). The
mean value for mutant slices is ~ 50% of that ob-
served in wild-type animals, with a comparable
standard deviation/mean for both groups of ani-
mals [S.D./mean: (+/+) = 0.71; (−/−) = 0.75].
It is possible that the LTP deficit observed in
(−/−) a-CaMKII mutant mice may reflect differ-
ences in the basic properties of synaptic transmis-
sion between mutant and wild-type mice, which
could consequently confound attempts to produce
LTP efficiently in mutant animals. To examine this,
we plotted input/output curves for data obtained
from (−/−) a-CaMKII and (+/+) a-CaMKII animals
(Fig. 5A). Synaptic input/output curves from age-
matched mutant and wild-type mice (1–3 months
old) are significantly different, with the mean
slope, calculated by linear regression, of wild-type
slices [n = 7; 34 ± 7.2 µV/V (microvolt response
per stimulus volt)] being over twice that observed
in mutant slices (n = 7; 16 ± 2.7 µV/V).
If differences in some aspect of depolarization
and/or cell excitability are present in the (−/−)
Figure 2: No correlation between age and percent po-
tentiation post-tetanus was observed in (+/+) a-CaMKII
or (−/−) a-CaMKII mice. Potentiation of f-EPSP ampli-
tude at 60 min post-tetanus is plotted vs. animal age
(days). Synaptic potentiation is not correlated with age in
either wild-type (n = 17, R = 0.28, P = 0.29, A) or mu-
tant (n = 33, R = 0.27, P = 0.36, B) slices.
Figure 1: Tetanus-induced LTP of field EPSPs in the
CA1 region of the hippocampus is present, but dimin-
ished, in (−/−) a-CaMKII mutant mice. Field EPSP am-
plitude (mV) is plotted versus time (minutes), with the
arrow indicating the time of tetanus delivery (see Mate-
rials and Methods). Average field EPSP responses before
(10 consecutive trials, 5 min prior) and after tetanus (10
consecutive trials 60 min after) are shown, overlapping,
in the inset. Three representative experiments are
shown, demonstrating CA1 LTP in slices from a wild-
type mouse (A), a young (16 days) mutant mouse (B),
and an adult (90 days) mutant mouse (C).
a-CaMKII AND LTP
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a-CaMKII mutant mice, it might be possible to
overcome these deficits when trying to induce LTP
by use of stimuli of increasing strength. To address
this, stable base-line field, EPSP responses were re-
corded for 30 min in (−/−) a-CaMKII (n = 5) and
(+/+) a-CaMKII slices (n = 4), followed by succes-
sive tetani of 50, 100, and 200 Hz (each five trains,
10–20 pulses per train, 10 sec between trains),
with each tetanus separated by 30 min of record-
ing (Fig. 5). The amount of potentiation at 30 min
following each tetanus was normalized to the
maximum level of potentiation obtained following
the 200 Hz tetanus. The resulting frequency—po-
tentiation curves are shown, and they do not reveal
a higher threshold for potentiation in (−/−) a-
CaMKII mice compared with (+/+) a-CaMKII
mice. Although mutant mice show decreased re-
sponses following each tetanus when compared
with wild-type, these responses appear to be satu-
rated with tetani of similar strengths in both mu-
tant and wild-type slices.
Discussion
We have examined LTP in the CA1 region of
hippocampal slices from mice lacking the a-iso-
form of CaMKII and find that LTP is deficient in
these mutant mice. However, the deficiency is dif-
ferent from that first described (Silva et al. 1992b).
We find that there is a significant amount of poten-
tiation in (−/−) a-CaMKII mutant mice, although it
is reduced to ~ 50% of that observed in wild-type
animals. This a-CaMKII independent potentiation
is blocked by APV, suggesting that it is traditional
NMDA receptor-dependent LTP, and is consistent
in quantity and distribution (normal) across all ages
Figure 4: Potentiation in (−/−) a-CaMKII and (+/+) a-
CaMKII slices 60 min post-tetanus follows a normal dis-
tribution. Histograms depicting the distribution of slices
with the indicated amount of potentiation 60 min post-
tetanus in mutant (A) and wild-type (B) slices.
Figure 3: a-CaMKII-independent CA1 LTP is ~ 50% of
that observed in (+/+) a-CaMKII mice and is blocked by
APV. Cumulative data from tetanus induced CA1 LTP of
f-EPSP responses in wild-type (a-CaMKII +/+, d, n = 17)
and mutant (a-CaMKII −/−, s, n = 33) slices, and in
mutant slices in the presence of 100 µM DL-APV (a-
CaMKII −/− APV, m, n = 8). The relative mean field
EPSP amplitudes ± S.E.M. (mV) are plotted versus time
(minutes), with the arrow indicating the time of tetanus
delivery. The mean values are indicated for time points
30 min, 15 min, and 5 min before tetanus, and 1 min, 5
min, 30 min, and 60 min after tetanus and are calculated
from f-EPSP amplitude values over a 5-min period, be-
ginning at the time point indicated.
Hinds et al.
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examined. a-CaMKII is therefore not absolutely re-
quired for CA1 LTP, although it clearly may con-
tribute and/or play a modifying role. This result is
not in opposition to the idea that the CaMKII ho-
loenzyme does play a critical role in the induction
and maintenance of LTP, or that perhaps the a-
CaMKII isoform, specifically, is the dominant con-
tributing molecule in wild-type mice. The residual
LTP observed in a-CaMKII mutant mice does sug-
gest that some other molecule(s), such as other
isoforms of CaMKII or other implicated kinases, are
able to complement the CaMKII deficiency. In ad-
dition, it is possible that in the wild-type animal, it
is the a-CaMKII isoform alone that contributes, be-
cause of its high expression levels and optimal lo-
calization, and that only in its absence are the po-
tential contributing functions of other molecules
revealed.
The a isoform of CaMKII is the most abundant
subunit expressed in the adult mammalian hippo-
campus, in which it is found at a concentration
three times higher than the b subunit, the next
most highly expressed brain isoform (McGuinness
et al. 1985; Miller and Kennedy 1985; Burgin et al.
1990). Previous results have shown that total
CaMKII activity in forebrain from (−/−) a-CaMKII
mutant mice is decreased to 45% ± 4, when mea-
sured by an in vitro assay, indicating that substan-
tial CaMKII activity still remains in these mutant
mice (Silva et al. 1992a). Recent studies have also
shown that the b isoform is able to target to syn-
apses in the absence of the a isoform, as it is ob-
served to be present at normal levels in the post-
synaptic densities of a-CaMKII mutant mice (M.
Kennedy, in prep.). These levels are low compared
with the wild-type levels of the a isoform, as pre-
vious studies have also indicated that mRNA for the
a but not the b isoform is localized in dendrites
(Burgin et al. 1990) and that the 38-untranslated
region of the a subunit mRNA is critical for den-
dritic targeting (Mayford et al. 1996). Conse-
quently, the b isoform may be positioned appro-
priately to receive an incoming calcium transient in
a-CaMKII mutant animals, although its relative
lower abundance and perhaps lack of efficient
mRNA targeting would still lead to a less efficient
subsequent signaling response and decreased LTP.
The a isoform of CaMKII is expressed postna-
tally in the hippocampus, initially at very low lev-
els, increasing fivefold to high adult levels by 3
weeks of age (Kelly and Vernon 1985; Burgin et al.
1990). It contrast, the b-isoform is expressed at
moderate levels at birth and increases just slightly
during development. During the first week of post-
natal development, tetanus-induced LTP is dimin-
ished, but present (Harris and Teyler 1984; Muller
Figure 5: (A) Synaptic input–output curves are steeper
in (+/+) a-CaMKII slices than in (−/−) a-CaMKII slices.
Elicited f-EPSPs (mV) as a function of stimulation
strength (V) are shown for a sampling of wild-type [a-
CaMKII (+/+) broken lines, n = 7; 1–3 months old] and
mutant [a-CaMKII (−/−) solid lines, n = 7; 1–2 months
old] slices. For each curve, a slope was calculated by
linear regression. The mean slope of the input–output
curves is greater in wild-type slices (34 ± 7.2 µV/V) than
in mutant slices (16 ± 2.7 µV/V) t test, P<0.05. (B) Suc-
cessive tetani of increasing frequency do not reveal a
higher threshold for potentiation in (−/−) a-CaMKII mice
compared with (+/+) a-CaMKII mice. Following 30 min
of stable recording of base-line f-EPSPs, three successive
tetani of 50, 100, and 200 Hz (each five trains, 10–20
pulses per train, 10 sec between trains) were delivered to
the slice, each separated by 30 min of recording. The
amount of potentiation at 30 min following each tetanus
was normalized to the potentiation following the 200-
Hz tetanus and was plotted relative to the tetanus fre-
quency for both wild-type (+/+, solid line, n = 4; 1–2
months old) and mutant (−/−, broken line, n = 5; 1–2
months old) slices.
a-CaMKII AND LTP
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et al. 1989; Dudek and Bear 1993; Bolshakov and
Siegelbaum 1995; Liao and Malinow 1996), and in-
creases in a fashion that parallels the expression of
a-CaMKII. Interestingly, in one study, the amount
of tetanus-induced LTP observed in the youngest
animals tested (postnatal day 4–9) was ~ 50% of that
observed in older animals (postnatal day 10–14)
(Liao and Malinow 1996), comparable with the dif-
ference we observe between a-CaMKII mutant and
wild-type mice (Fig. 3). Because LTP, although re-
duced, is still attainable in young wild-type animals
when the a-isoform is known to be poorly ex-
pressed, it suggests that the b isoform of CaMKII
(or other mediators) can partially complement the
absence of a-CaMKII.
Whereas tetanus-induced LTP is reduced in
very young rats, LTP induced by low frequency
stimulation paired with depolarization of the post-
synaptic cell during whole cell recording produces
a robust potentiation similar to that observed in
older animals (Liao and Malinow 1996; Durand et
al. 1996; J.A. Cummings, J.T.R. Isaac, R.A. Nicoll,
and R.C. Malenka, unpubl.). This result, combined
with the observation that the majority of CA1 trans-
mission in young animals acts through NMDA re-
ceptors, making them effectively silent at hyperpo-
larized potentials, led to the hypothesis that an in-
sufficient depolarization during LTP induction is
responsible for the diminished LTP observed in im-
mature animals. To address whether our deficiency
in LTP is attributable to similar problems with in-
duction or with subsequent expression mecha-
nisms, we examined other parameters of synaptic
transmission. Basal transmission, as indicated by
the slope of input-output curves, is diminished in
our mutant animals, compared with wild-type ani-
mals. This also parallels what was observed in
young wild-type rats, which show reduced input-
output slopes when compared with older animals
(Liao and Malinow 1996). These similarities sug-
gest that ineffective depolarization could be con-
tributing to LTP induction deficits in a-CaMKII mu-
tant mice. It will be interesting to examine in fu-
ture studies whether a-CaMKII mutant mice have
increased numbers of silent synapses. Although a
high proportion of pure NMDA silent synapses
could be a barrier to eliciting LTP, it could also be
a reflection of deficient LTP during the develop-
ment of a-CaMKII mutant mice, as it is thought
that an LTP-like process is necessary to convert
pure NMDA-receptor synapses to synapses with
mixed AMPA and NMDA receptor function (Isaac
et al. 1995; Liao et al. 1995; Wu et al. 1996).
If a-CaMKII mutant mice have a deficit in LTP-
induction mechanisms, then one may be able to
overcome this deficit by delivering stronger tetani.
Our results, however, indicate that increasing te-
tanic strength or number does not overcome the
mutant phenotype. Mutant mice appear to have a
similar threshold for LTP induction and their LTP
saturates with similar tetanic strengths as wild-type
mice. Although this implicates deficient expres-
sion mechanisms in a-CaMKII mutant mice, it is
possible that tetanus-delivered stimulation does
not produce effective maximal depolarization.
Whole cell experiments using a pairing protocol
for LTP induction would be useful to determine if
such a limit to effective postsynaptic membrane
depolarization exists in these animals.
The complete lack of LTP and/or bimodal dis-
tribution of LTP values observed in previous stud-
ies (Silva et al. 1992; Stevens et al. 1994) is in con-
trast to that observed in our present studies, in
which LTP was typically present in a normal distri-
bution across mutant slices, but reduced compared
with wild-type values. The bimodal distribution
suggests that a variable at the level of the entire
slice or the entire animal may be working to affect
the probability of eliciting LTP in these experi-
ments. A normal distribution of LTP would be ex-
pected if there is a large number of synapses acting
independently, some producing LTP and some not,
with the absence of a-CaMKII decreasing the like-
lihood or amount of LTP that can be obtained at
any synapse.
There are several factors that could be contrib-
uting to the contrasting results observed in our
present and previously reported CA1 LTP experi-
ments. Two major variables are the precise experi-
mental conditions used and the specific mutant
animals examined. First, it is possible that minor
differences in slice preparation and maintenance,
stimulating and recording electrode type and
placement, and specific recording conditions
could have various effects on either slice health,
effective stimulation, or postsynaptic cell depolar-
ization, and subsequent LTP induction. It is also
possible that the differences between present and
past analyses of a-CaMKII mutant mice are caused
by the differences in the genetic background of the
mice used (Gerlai 1996a,b; Crawley 1996; Crusio
1996; Lathe 1996; Banbury Conference 1997). The
earlier study was carried out with F2 and F3 mice
produced between the 129Sv and BALB/c strains,
whereas the present study utilized progeny gener-
ated by repeated sister/brother mating of litters
Hinds et al.
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that included contributions from the C57Bl/6
strain. It is quite possible that each of these mouse
strains contains a unique assortment of alleles at
multiple loci, and that these alleles could play roles
directly in the LTP mechanism, peripherally as
modifiers of LTP, or indirectly by changing other
aspects of neurologic function that could affect
plasticity. In fact, it has been shown recently that
the amount of hippocampal LTP produced follow-
ing u-burst stimulation varies among different in-
bred strains of wild-type mice (T. Abel, P.V.
Nguyen, R. Bourtchouladz, M.E. Bach, I. Gaprin-
dashvili, P. Jain, and E.R. Kandel, unpubl.). For ex-
ample, a 129Sv inbred line has been shown to ex-
hibit reduced levels of hippocampal LTP following
u-burst stimulation (T. Abel, P.V. Nguyen, R.
Bourtchouladz, M.E. Bach, I. Gaprindashvili, P.
Jain, and E.R. Kandel, unpubl.). Because a 129Sv
embryonic stem (ES) cell line was used to create
the original a-CaMKII mutant mice, it is possible
that 129Sv gees that account for this reduction in
LTP could be closely linked to the mutated a-
CaMKII locus, and therefore more readily retained
in early generations of animals. For this reason, as
well as the numerous behavioral deficits that are
known to be associated with the 129Sv back-
ground (Gerlai 1996a), ES cells from the C57Bl/6J
line are being used in our laboratory for creating
future mutant mice.
It is possible that in the mice used in the earlier
LTP study, the combinations of the alleles of the
relevant genes fell into two classes: one in which
a-CaMKII is essential for LTP and another in which
a-CaMKII is entirely dispensable, explaining the bi-
modal distribution of LTP values. As the C57Bl/6
background was introduced and brother–sister
mating was repeated, a combination of alleles that
permits partial dependency on a-CaMKII may have
been established in the pedigree. Recently, a bimo-
dal distribution of other phenotypes was also ob-
served among the progeny of early crosses of the
original a-CaMKII mutant line that was repeatedly
crossed into C57Bl/6 (Gordon et al. 1996). Visual
cortical plasticity experiments revealed a severe
deficit following monocular occlusion in only
about one half of the a-CaMKII mutants of this line,
with a similar fraction of animals showing a deficit in
spatial learning in the Morris water maze following a
period of intensive training. Mapping the genetic loci
responsible for phenotypic differences both within,
and between, these strains could be a valuable tool
for identifying other genes that influence hippocam-
pal LTP, and other a-CaMKII-associated phenotypes.
In conclusion, we find that NMDA receptor-
dependent CA1 LTP is present, but reduced in
mice lacking the a subunit of CaMKII in the pre-
sent background examined. Therefore, a-CaMKII is
not absolutely required for LTP. However, a-
CaMKII appears to play a role, and these results do
not preclude an absolute requirement for CaMKII
in LTP, as other isoforms of CaMKII could be
complementing the deficiency in the a-isoform. Al-
though we cannot conclude whether the deficit is
in the induction or expression of LTP, future
whole cell recording experiments looking at silent
synapses and postsynaptic depolarization in a-
CaMKII mutant mice could be enlightening.
Acknowledgments
We are grateful to members of the Malinow and
Tonegawa laboratories for helpful discussions, with special
thanks to A. Aiba, T. Iwasato, K. Poss, and C. Lovett for their
invaluable assistance with the technique of in vitro
fertilization, and to Charles Steinberg for reading the
manuscript. H.L.H. is supported by the National Institutes of
Health Medical Science Training Program (NIH MSTP)
(Harvard) and a Sackler Fellowship. S.T. is supported by NIH
grant NS32925. R.M. is supported by the Mathers Charitable
Foundation and the NIH.
The publication costs of this article were defrayed in
part by payment of page charges. This article must therefore
be hereby marked ‘‘advertisement’’ in accordance with 18
USC section 1734 solely to indicate this fact.
References
Banbury conference. 1997. Neuron 19: 755–759.
Barria, A., D. Muller, R. Derkach, L.C. Griffith, and T.R.
Soderling. 1997. Regulatory phosphorylation of AMPA-type
glutamate receptors by CaM-KII during long-term
potentiation. Science 276: 2042–2045.
Bliss, T.V.P. and G.L. Collingridge. 1993. A synaptic model
of memory: Long-term potentiation in the hippocampus.
Nature 361: 31–39.
Bolshakov, V.Y. and S.A. Siegelbaum. 1995. Regulation of
hippocampal transmitter release during development and
long-term potentiation. Science 269: 1730–1734.
Braun, A.P. and H. Schulman. 1995. The multifunctional
calcium/calmodulin-dependent protein kinase: From form to
function. Annu. Rev. Physiol. 57: 417–445.
Burgin, K.E., M.N. Waxham, S. Rickling, S.A. Westgate, W.C.
Mobley, and P.T. Kelly. 1990. In situ hybridization
histochemistry of Ca2+/calmodulin-dependent protein kinase
in developing rat brain. J. Neurosci. 10: 1788–1798.
Butler, L.S., A.J. Silva, A. Abelovich, Y. Watanabe, S.
a-CaMKII AND LTP
&L E A R N I N G M E M O R Y
351
 Cold Spring Harbor Laboratory Press on May 1, 2014 - Published by learnmem.cshlp.orgDownloaded from 
Tonegawa, and J.O. McNamara. 1995. Limbic epilepsy in
a–calcium-calmodulin kinase II mutant mice. Proc. Natl.
Acad. Sci. 92: 6852–6855.
Chen, C., D.G. Rainnie, R.W. Greene, and S. Tonegawa.
1994. Abnormal fear response and aggressive behavior in
mutant mice deficient for a–calcium-calmodulin kinase II.
Science 265: 291–294.
Crawley, J.N. 1996. Unusual behavioral phenotypes of
inbred mouse strains. Trends Neurosci. 19: 181–182.
Crusio, W.E. 1996. Gene-targeting studies: New methods, old
problems. Trends Neurosci. 19: 186–187.
Dudek, S.M. and M.F. Bear. 1993. Bidirectional long-term
modification of synaptic effectiveness in the adult and
immature hippocampus. J. Neurosci. 13: 2910–2918.
Durand, G.M., Y. Kovalchuk, and A. Konnerth. 1996.
Long-term potentiation and functional synapse induction in
developing hippocampus. Nature 381: 71–75.
Erondu, N.E. and M.B. Kennedy. 1985. Regional distribution
of type II Ca2+/calmodulin-dependent protein kinase in rat
brain. J. Neurosci. 5: 3270–3277.
Fong, Y.-L., W.L. Taylor, A.R. Means, and T.R. Soderling.
1989. Studies of the regulatory mechanism of
Ca2+/calmodulin-dependent protein kinase II. Mutation of
threonine 286 to alanine and apartate. J. Biol. Chem.
264: 16759–16763.
Fukunaga, K., S. Goto, and E. Miyamoto. 1988.
Immunohistochemical localization of Ca2+/
calmodulin-dependent protein kinase II in rat brain and
various tissues. J. Neurochem. 51: 1070–1078.
Fukunaga, K., L. Stoppini, E. Miyamoto, and D. Muller. 1993.
Long-term potentiation is associated with an increased
activity of Ca2+/calmodulin-dependent protein kinase II. J.
Biol. Chem. 268: 7863–7867.
Fukunaga, K., D. Muller, and E. Miyamoto. 1995. Increased
phosphorylation of Ca2+/calmodulin-dependent protein
kinase II and its endogenous substrates in the induction of
long term potentiation. J. Biol. Chem. 270: 6119–6124.
Gerlai, R. 1996a. Gene-targeting studies of mammalian
behavior: is it the mutation or the background genotype?
Trends Neurosci. 19: 177–181.
———. 1996b. Gene-targeting in neuroscience: The systemic
approach. Trends Neurosci. 19: 188–189.
Giese, K.P., N.B. Fedorov, R.K. Filipkowshki, and A.J. Silva.
1998. Autophosphorylation at Thr286 of the
a-calcium-calmodulin kinase II in LTP and learning. Science
279: 870–873.
Glazewski, S., C.-M. Chen, A. Silva, and K. Fox. 1996.
Requirement for a CaMKII in experience-dependent plasticity
of the barrel cortex. Science 272: 421–423.
Goldenring, J.R., J.S. McGuire, Jr., and R.J. DeLorenzo. 1984.
Identification of the major postsynaptic density protein as
homologous with the major calmodulin-binding subunit of a
calmodulin-dependent protein kinase. J. Neurochem.
42: 1077–1084.
Gordon, J.A., D. Cioffi, A.J. Silva, and M. Stryker. 1996.
Deficient plasticity in the primary visual cortex of
a-calcium/calmodulin-dependent protein kinase II mutant
mice. Neuron 17: 491–499.
Hanson, P.I. and H. Schulman. 1992. Neuronal
Ca2+/calmodulin-dependent protein kinases. Annu. Rev.
Biochem. 61: 559–601.
Hanson, P.I., M.S. Kapiloff, L.L. Lou, M.G. Rosenfeld, and H.
Schulman. 1989. Expression of a multifunctional
Ca2+/calmodulin-dependent protein kinase and mutational
analysis of its autoregulation. Neuron 3: 59–70.
Harris, K.M. and T.J. Teyler. 1984. Development onset of
long-term potentiation in area CA1 of the rat hippocampus. J.
Physiol. 346: 27–48.
Hayashi, Y., A. Ishida, H. Katagiri, M. Mishina, H. Fujisawa,
T. Manabe, and T. Takahashi. 1997. Calcium- and
calmodulin-dependent phosphorylation of AMPA type
glutamate receptor subunits by endogenous protein kinases in
the post-synaptic density. Brain Res. Mol. Brain Res.
46: 338–342.
Isaac, J.T.R., R.A. Nicoll, and R.C. Malenka. 1995. Evidence
for silent synapses: Implications for the expression of LTP.
Neuron 15: 427–434.
Ito, I., H. Hidaka, and H. Sugiyama. 1991. Effects of KN-62,
a specific inhibitor of calcium/calmodulin-dependent protein
kinase II, on long-term potentiation in the rat hippocampus.
Neurosci. Lett. 121: 119–121.
Kelly, P.T. and P. Vernon. 1985. Changes in the subcellular
distribution of calmodulin-kinase II during brain
development. Dev. Brain Res. 18: 211–224.
Kelly, P.T., T.L. McGuinness, and P. Greengard. 1984.
Evidence that the major PSD protein is a component of a
calcium/calmodulin-dependent protein kinase. Proc. Natl.
Acad. Sci. 81: 945–949.
Kennedy, M.B., M.K. Bennett, and N.E. Erondu. 1983.
Biochemical and immunochemical evidence that the ‘‘major
postsynaptic density protein’’ is a subunit of a
calmodulin-dependent protein kinase. Proc. Natl. Acad. Sci.
80: 7357–7361.
Lathe, R. 1996. Mice, gene targeting and behaviour: More
than just genetic background. Trends Neurosci. 19: 183–186.
Liao, D. and R. Malinow. 1996. Deficiency in induction but
not expression of LTP in hippocampal slices from young rats.
Learn. & Mem. 3: 138–149.
Liao, D., N.A. Hessler, and R. Malinow. 1995. Activation of
Hinds et al.
&L E A R N I N G M E M O R Y
352
 Cold Spring Harbor Laboratory Press on May 1, 2014 - Published by learnmem.cshlp.orgDownloaded from 
postsynaptically silent synapses during pairing-induced LTP
in CA1 region of hippocampal slice. Nature 375: 400–414.
Lisman, J.E. 1994. The CaMKII hypothesis for storage of
synaptic memory. Trends Neurosci. 17: 406–412.
Lisman, J.E. and M.A. Goldring. 1988. Feasibility of
long-term storage of graded information by the
Ca2+/calmoudlin-depedent protein kinase molecules of the
postsynaptic density. Proc. Natl. Acad. Sci. 85: 5320–5324.
Lledo, P.M., G.O. Hjelmstad, S. Mukherfi, T.R. Soderling,
R.C. Malenka, and R.A. Nicoll. 1995. Calcium/
calmodulin-dependent kinase II and long-term potentiation
enhance synaptic transmission by the same mechanism. Proc.
Natl. Acad. Sci. 92: 11175–11179.
Malenka, R., J.A. Kauer, D.J. Perkel, M.D. Mauk, P.T. Kelly,
R.A. Nicoll, and M.N. Waxham. 1989. An essential role for
postsynaptic calmodulin and protein kinase activity in
long-term potentiation. Nature 340: 554–557.
Malinow, R. and R.W. Tsien. 1990. Presynaptic enhancement
shown by whole-cell recording of long-term potentiation in
hippocampal slices. Nature 346: 177–180.
Malinow, R., H. Schulman, and R.W. Tsien. 1989. Inhibition
of postsynaptic PKC or CaMKII blocks induction but not
expression of LTP. Science 245: 862–866.
Mayford, M., J. Wang, E.R. Kandel, and T.J. O’Dell. 1995.
CaMKII regulates the frequency-response function of
hippocampal synapses for the production of both LTD and
LTP. Cell 81: 891–904.
Mayford, M., D. Baranes, K. Podsypanina, and E.R. Kandel.
1996. The 38-untranslated region of CaMKIIa is a cis-acting
signal for the localization and translation of mRNA in
dendrites. Proc. Natl. Acad. Sci. 93: 13250–13255.
McGlade-McCulloh, E., H. Yamamoto, S.-E. Tan, D.A.
Brickey, and T.R. Soderling. 1993. Phosphorylation and
regulation of glutamate receptors by calcium/
calmodulin-dependent protein kinase II. Nature
362: 640–642.
McGuinness, T.L., Y. Lai, and P. Greengard. 1985.
Ca2+/calmodulin-dependent protein kinase II. Isozymic
forms from rat forebrain and cerebellum. J. Biol. Chem.
260: 1696–1704.
Meyer, T., P.I. Hanson, L. Stryer, and H. Schulman. 1992.
Calmodulin trapping by calcium-calmodulin-dependent
protein kinase. Science 256: 1199–1201.
Miller, S.G. and M.B. Kennedy. 1985. Distinct forebrain and
cerebellar isozymes of type II Ca2+/calmodulin-dependent
protein kinase associate differently with the postsynaptic
density fraction. J. Biol. Chem. 260: 9039–9046.
———. 1986. Regulation of brain type II Ca2+/
calmodulin-dependent protein kinase by
autophosphorylation: A Ca2+-triggered molecular switch. Cell
44: 861–870.
Muller, D., M. Oliver, and G. Lynch. 1989. Developmental
changes in synaptic properties in hippocampal neonatal rats.
Dev. Brain Res. 49: 105–114.
Omkumar, R.V., M.J. Kiely, A.M. Rosenstein, K.T. Min, and
M.B. Kennedy. 1996. Identification of a phosphorylation site
for calcium/calmodulin-dependent protein kinase II in the
NR2B subunit of the N-methyl-D-aspartate receptor. J. Biol.
Chem. 270: 31670–31678.
Otmakhov, N., L.C. Griffith, and J.E. Lisman. 1997.
Postsynaptic inhibitors of calcium/calmodulin-dependent
protein kinase type II block induction but not maintenance of
pairing-induced long-term potentiation. J. Neurosci.
17: 5357–5365.
Ouimet, C.C., T.L. McGuinness, and P. Greengard. 1984.
Immunocytochemical localization of calcium/calmodulin-dep
endent protein kinase II in rat brain. Proc. Natl. Acad. Sci.
81: 5604–5608.
Ouyang, Y., D. Kantor, K.M. Harris, E.M. Schuman, and M.B.
Kennedy. 1997. Visualization of the distribution of
autophosphorylated Calcium/calmodulin-dependent protein
kinase II after tetanic stimulation in the CA1 area of the
hippocampus. J. Neurosci. 17: 5416–5427.
Pettit, D.L., S. Perlman, and R. Malinow. 1994. Potentiated
transmission and prevention of further LTP by increased
CaMKII activity in postsynaptic hippocampal slice neurons.
Science 266: 1881–1885.
Roberson, E.D., J.D. English, and J.D. Sweatt. 1996. A
biochemist’s view of long-term potentiation. Learn. & Mem.
3: 1–24.
Silva, A.J., C.F. Stevens, S. Tonegawa, and Y. Wang. 1992a.
Deficient hippocampal long-term potentiation in
a–calcium-calmodulin kinase II mutant mice. Science
257: 201–206.
Silva, A.J., R. Paylor, J.M. Wehner, and S. Tonegawa. 1992b.
Impaired spatial learning in a-calcium-calmodulin kinase II
mutant mice. Science 257: 206–211.
Stevens, C.F., S. Tonegawa, and Y. Wang. 1994. The role of
calcium-calmodulin kinase II in three forms of synaptic
plasticity. Curr. Biol. 4: 687–693.
Vallano, M.L., J.R. Goldenring, R.S. Lasher, and R.J.
Delorenzo. 1986. Association of calcium/
calmodulin-dependent kinase with cytoskeletal preparations:
Phosphorylation of tubulin, neurofilament, and microtubule
associated proteins. Ann. N.Y. Acad. Sci. 466: 357–374.
Waldmann, R., P.I. Hanson, and H. Schulman. 1990.
Multifunctional Ca2+/calmodulin-dependent protein kinase
a-CaMKII AND LTP
&L E A R N I N G M E M O R Y
353
 Cold Spring Harbor Laboratory Press on May 1, 2014 - Published by learnmem.cshlp.orgDownloaded from 
made Ca2+-independent for functional studies. Biochemistry
29: 1679–1684.
Waxham, M.N., J. Aronowski, S.A. Westgate, and P.T. Kelly.
1990. Mutagenesis of Thr286 in monomeric Ca2+/
calmodulin-dependent protein kinase II eliminates
Ca2+/calmodulin-independent activity. Proc. Natl. Acad. Sci.
87: 1273–1277.
Wu, G., R. Malinow, and H.T. Cline. 1996. Maturation of a
central glutamatergic synapse. Science 274: 972–976.
Received March 2, 1998; accepted in revised form July 17,
1998.
Hinds et al.
&L E A R N I N G M E M O R Y
354
 Cold Spring Harbor Laboratory Press on May 1, 2014 - Published by learnmem.cshlp.orgDownloaded from 
